The RM1 quantum chemical model for the calculation of complexes of Tm(III), Yb(III) and Lu(III) is advanced. Subsequently, we tested the models by fully optimizing the geometries of 126 complexes. We then compared the optimized structures with known crystallographic ones from the Cambridge Structural Database. Results indicate that, for thulium complexes, the accuracy in terms of the distances between the lanthanide ion and its directly coordinated atoms is about 2%. Corresponding results for ytterbium and lutetium are both 3%, levels of accuracy useful for the design of lanthanide complexes, targeting their countless applications.
Introduction
The computational chemistry of lanthanide complexes at the semiempirical level started in 1994 with the introduction of the Sparkle model [1, 2] , which allowed, for the first time, fast quantum chemical geometry optimizations of relatively large complexes. The Sparkle model filled the important gap of lanthanide complexes modelling [3] [4] [5] [6] [7] [8] [9] by opening the possibility of having the complexes' UV-Vis spectra [10] and ligand field parameters [11, 12] predicted.
In 2004, the model was improved with the introduction of Gaussian functions in its corecore repulsion [13] to make it consistent with the AM1 semiempirical model [14] . This improved the Sparkle model quite substantially, and, later, in 2005, the Sparkle model was fully parameterized within AM1 for thulium [15] , ytterbium [16] , and lutetium [17] . Since different semiempirical models have different characteristics and scopes of applications, it soon became clear that there would be value in parameterizing the Sparkle model for all of the most used and widely distributed semiempirical models available. Thus, the Sparkle model was parameterized for PM3 [18] [19] [20] ; for PM6 [21] , the first semiempirical model parameterized for almost all stable atoms of the periodic table; for PM7 [22] , with an emphasis on materials and solid state calculations; and for our RM1 [23] .
Overall, results indicate that all Sparkle models are very accurate only when all the directly coordinated atoms to the lanthanides in the complex are either an oxygen or a nitrogen-usually, the most common bonding situation. However, there are many instances in which other atoms coordinate directly with the lanthanide trications, such as carbon, sulfur, chlorine, bromine, and iodine. Thulium, for example, makes a number of complexes directly coordinated to carbon atoms, such as thulium alkylidene complexes [24] , which contain a thulium carbon double bond character with the participation of a π-overlap between the carbon and the thulium center for the stabilization of the complex. Likewise, there was recently a study of the interaction of a complex with DNA, which had three chlorine atoms directly coordinated to an ytterbium atom [25] . Another example is a bis(alkyl) complex of lutetium attached to suitable ligands, which, upon activation by an organoborate, initiates the living polymerization of isoprene with high activity [26] . Furthermore, very different bonding situations may also arise, as in the synthesis of a mononuclear lutetium imido complex, which involves intermediate complexes with chlorine atoms and a cyclooctatetraenyl ring, all directly coordinated to lutetium [27] . These are examples of bonding situations, which the Sparkle models cannot properly address. All that is within the realm of the diversity of recent advances in the applications of complexes of thulium as near infrared emitters [28] [29] [30] , as contrast agents for magnetic resonance imaging [31] , and as catalyzers [32] . Also within the realm of recent advances is the utilization of complexes of ytterbium, again as near infrared emitters [33] [34] [35] , as single-molecule magnets [36, 37] , as catalysts [38] [39] [40] , as selective biomarkers for cancer cell imaging [41] , and as DNA binders [25] . Finally, within the scope of the recent advances is the use of complexes of lutetium as gas sensors [42] , as catalysts [43, 44] , in organic films with switchable electronic and/or interface properties with external electric field [45] ; and as near infrared absorbing electrochromes [46] . These complexes, however, tend to have poor thermal stability, poor photostability, and low mechanical strength, usually requiring that they be incorporated, for example, either into sol-gel [30] , or into ordered mesoporous materials via a covalently bonded group [28, 29] . Consequently, there is a strong need for theoretical modelling methods capable of addressing these challenges. Recently, we introduced a major upgrade to the Sparkle model, in order to arrive at a model capable of describing any type of bonds between a lanthanide metal and a ligand, within the framework of our semiempirical model RM1 (Recife Model 1) [47] , we called the "RM1 model for the lanthanides" [48, 49] .
Method

RM1 model for the lanthanides
RM1 is a semiempirical molecular orbital model, with the same algebraic structure of AM1 [14] , but reparameterized in 2006 with modern numerical techniques [47] . RM1 is accurate and robust for the types of atoms for which it was originally parameterized: H, C, O, N, P, S, F, Cl, Br, and I. Although this set of atoms looks small, these atoms comprise the vast majority of all atoms present in metal ligands and biomolecules. RM1 was therefore our model of choice for parameterizing the lanthanide trications. In the RM1 model for the lanthanides, we then regard the semiempirical lanthanide atom as an amalgamation of two separate entities: the core and the valence shell. The semiempirical core represents the [Xe]4fn electrons, with n = 12 for Tm, n = 13 for Yb, and n = 14 for Lu. The valence shell is described by three sets of atomic orbitals: 5d, 6s, and 6p, and contains 3 valence electrons. Note that this arrangement is capable of describing only the trications of the lanthanides. Therefore, the present parameterization will be only for complexes of trivalent thulium, ytterbium and lutetium. The RM1 parameters are presented in Table 1 .
Results and Discussion
Parameterization
In 2006, when we introduced the Sparkle/PM3 model for thulium [18] , we further perfected our parameterization procedure to make sure the model would acquire a more robust attribute. So, following this line, we first collected all complexes of Tm(III), Yb(III), and Lu(III) of high crystallographic quality (R<5%) extant in the 2015 release of the Cambridge Crystallographic Database, CSD [50, 51] . Of course, it would be unfeasible to parameterize the method using all ligands found. Therefore, we used a sampling technique in order to pick, from the universe of complexes, two smaller sets to become the parameterization sets. In order to do that, for each of the lanthanide trications, we first associated, to each of its complexes, a number corresponding to a measure of the difficulty of predicting its geometry in order to guarantee that the sets would be balanced between complexes with easy to predict geometries and complexes with those geometries that are more difficult to predict. We chose this number to be a measure of the distance between the crystallographic geometry obtained from the CSD2015 and a fully optimized Sparkle/AM1 geometry. This number, R i , is defined for each complex i, in Eq 1, Sd ; and the additive term ρ core needed to evaluate core-electron and core-core nuclear interactions; the second set of exponents to compute the one-center integrals ξ s ', ξ p ', and ξ d '; and the six parameters for the two Gaussian functions. doi:10.1371/journal.pone.0154500.t001 RM1 Parameters for Tm(III), Yb(III) and Lu(III) below, as:
where j is an index that runs over all different types of bonds, for example, Ln-O, Ln-N, Ln-C, etc; k runs over all bonds of type j; σ j dist is the standard deviation of all bonds of type j from the universe of complexes; CSD refers to geometric variables, either distances d, or angles θ, obtained from the Cambridge Crystallographic Database; and Calc refers to geometric variables obtained from Sparkle/AM1 calculations; l runs over all angles in complex i and σ angle is the standard deviation of all angles from all complexes in the universe of complexes. For the angles, there was no need to separate them into types, because they all form a homogeneous set. Subsequently, we carried out a divisive hierarchical clustering technique DIANA [52] on the complexes and obtained the stratified sampling in the form of a dendogram. We then applied an optimum allocation to it and arrived to two sub-sets from the universe set of complexes: a smaller set, which we called the small set and a larger one, we called the large set. We did that for each of the three lanthanides considered: thulium, ytterbium and lutetium. For thulium, the universe of complexes contains 19 complexes, the small set contains 5 complexes and the large set contains 10 complexes. The respective numbers for ytterbium are 60, 13 and 31; and, for lutetium, 47, 6, and 14. The universe, small and large sets for each of the lanthanides are described in Tables A-C in S1 File. By using a combination of non-linear numerical optimization techniques for each of the lanthanides, we then first minimized the sum of all R i calculated for all complexes of the small set-with the only difference that Calc in Eq 1 now refers to the fully optimized geometry of the intermediary model being considered in the optimization step. After this optimization converged, we then proceeded by minimizing the sum of all R i calculated for all complexes of the large set. We carried out this second minimization of the larger set in order to improve the accuracy of the model. After this second minimization converged, we then considered the RM1 model for each of the lanthanides as terminated. We then proceeded to compute two accuracy measures for the model for each complex i, UME i , based on the unsigned mean error defined as:
where n is the number of j bonds present in complex i, d are bond distances, CSD is the crystallographic bond distance from CSD and RM1 is the distance for the fully optimized geometry of the complex for the RM1 model for the lanthanide being taken into consideration. The first UME took into consideration only distances between the lanthanide ion and the directly coordinating atoms, and are averaged up for all complexes of the universe of complexes and are called UME (Ln-L) s. These lanthanide-directly coordinated ligand atom distances are the most important ones for the calculation of ligand field parameters. The second set of distances, includes all of these plus all distances in the coordination polyhedron, i.e. distances we call L-L', where L and L' are any two directly coordinated atoms, averaged out for all complexes of the universe of complexes, and that are called here simply UMEs. All unsigned mean errors are defined mathematically in the interval from zero to infinity. Therefore, in principle, they should follow a gamma distribution function, something that can be verified by means of the one-sample nonparametric Kolmogorov-Smirnoff test, whose p-value must be above 0.05 for the fit of the corresponding UME data to be acceptable within a 95% confidence interval. If the fit passes the test, the mean is statistically justified as an accuracy measure of the model.
As an example, Figs 1 and 2 show histograms of UME (Tm-L) s and UMEs for the thulium model, superimposed to the corresponding fitted gamma distributions. The p-values are, respectively, 0.736 and 0.945 indicating that the mean UME (Tm-L) of 0.050Å, and mean UME of 0.111Å are good accuracy measures of the RM1 model for thulium. Since the thuliumdirectly coordinated atom distances mostly lie in the 2.3Å to 2.6Å, this implies that the model is accurate to within 2% for these distances. Corresponding mean UME (Yb-L) and UME (Lu-L) data for the RM1 model for Yb(III) and Lu(III), both equal to 0.08Å, imply that these models are accurate to within 3% for these lanthanides.
Comparison with the previous Sparkle models
As mentioned in the introduction, the RM1 model for Tm(III), Yb(III), and Lu(III) complexes, is being presented in this article to expand the applicability of the quantum chemical semiempirical modelling of lanthanides to complexes with directly coordinated atoms other than oxygen or nitrogen. Comparison between the accuracy measures, UME (Tm-L) s, of the RM1 model for Tm(III), being advanced in this article (blue bars) and the various Sparkle models (two-lightness bars) for the various types of directly coordinated bonds, indicated on the horizontal axis by the atom directly coordinated to the metal ion: either O, N, C, Cl, or I. L refers to the sum of the UMEs of all these atoms, plus UMEs for Tm-Tm bonds. Polyhedron refers to the sum of all UMEs in L plus the sum of all UMEs between any two atoms of the coordination polyhedron. The top of the light orange bar indicates the UME of the least accurate of the Sparkle models, and the bottom of the top light orange bar indicates the UME of the most accurate of the Sparkle models.
doi:10.1371/journal.pone.0154500.g003 Comparison between the accuracy measures, UME (Yb-L) s, of the RM1 model for Yb(III), being advanced in this article (blue bars) and the various Sparkle models (two-lightness bars) for the various types of directly coordinated bonds, indicated on the horizontal axis by the atom directly coordinated to the metal ion: either O, N, C, S, Cl, or Br. L refers to the sum of the UMEs of all these atoms, plus UMEs for Tm-Tm bonds. Polyhedron refers to the sum of all UMEs in L plus the sum of all UMEs between any two atoms of the coordination polyhedron. The top of the light orange bar indicates the UME of the least accurate of the Sparkle models, and the bottom of the top light orange bar indicates the UME of the most accurate of the Sparkle models. for Ln-O and Ln-N bonds, for all three lanthanides. However, the errors significantly increase when the metals are coordinated to a carbon atom or to a chlorine. The errors then become unacceptably large when the directly coordinated atom to the lanthanide is either S, Br or I. Tables 2-4 show the raw data used to build Figs 3-5. Take the case of Tm-I bonds in Table 2 . The most accurate sparkle model is Sparkle/PM6 with an UME (Tm-I) = 0.4345Å, whereas the least accurate is Sparkle/PM7 with a corresponding value of 1.6763Å. This is what is indicated in Fig 3 by the light brown bar over the symbol I.
Furthermore, on Table 3 , one can see that Yb-C bonds are very common. Actually, bonds of the type Yb-C are more numerous (242 bonds) in the universe set of Yb complexes in CSD than bonds of the types Yb-O (231 bonds) or Yb-N (97 bonds). The same trend occurs for lutetium as one can clearly see from Table 4 . The larger errors of the previous sparkle models occur for sulfur, bromine and iodine. However, complexes with these atoms directly coordinated to the lanthanides are rare. So much so, that we could not even find any such case in the universe set of complexes of lutetium. The RM1 model calculates isolated structures. However, due to its semiempirical character, it is nevertheless able to predict crystallographic structures with high accuracy, implicitly taking into account solid state effects, such as packing effects.
Conclusion
Results indicate that the present RM1 models for thulium, ytterbium, and lutetium do indeed correct inadequacies of the previous Sparkle models, especially for ytterbium and lutetium, where mainly bonds with carbon atoms directly coordinated to the lanthanide ion are very common.
In conclusion, if the complex of interest has any directly coordinated atoms other than oxygen or nitrogen, then the usage of the present RM1 model for thulium, ytterbium and lutetium is indispensable. 
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